A method for monitoring brain surface pressure through the intact dura has been designed based upon the concept of a coplanar, non-sensitive ring transducer. The transducer detects the underlying brain pressure while the stretching forces of the dural membrane are dissipated at the outer ring. The strain gauge consists of a piezo-resistive silicon-chip sensing element and a dummy element that provides temperature compensation. Cisternal cerebrospinal fluid (CSF) and brain surface pressures were monitored simultaneously in dogs under general anesthesia, both before and after increased intracranial pressure was produced experimentally. A difference was found between CSF and brain surface pressures. Possible explanations for this observation are discussed.
T
He-accuracy of measuring pressure changes in the cranium after alteration of the hydrodynamics of any of its various compartments is questionable. When the dura-arachnoid membrane is perforated, the intracranial dynamics may be altered signiticantly. The resulting cerebrospinal fluid leak may affect both the pressure and its specific wave patterns2 G Since changes in intracranial pressure are partially counteracted by the resilience and elasticity of the duraarachnoid, we hypothesized that the dynamic status of the underlying brain could be assessed by measuring the pressure that it exerts against the dura-arachnoid. This hypothesis is analogous to the neurosurgeon's qualitative assessment of brain tension with his fingertip.
MacKay and coworkers demonstrated that the intraeavitary pressure of an organ could be determined accurately by an external pressure transducer if the bending forces of the covering membranes were absorbed at the periphery of the sensing device. 12 An earlier application of this physical principle was the Smyth guard-ring tocodynamometer, which accurately measured intra-amniotic pressure through the intact abdominal wall. 26 This same principle was used in the MacKay-Marg method of tonometry, which enabled intraocular pressure to be determined simply and accurately. 11' 1~'1 We have applied this well-established principle to monitoring brain surface pressure through the intact dura.
Principles of Epidural Monitoring
The intracranial contents are enveloped by membranes. One of these, the dura, is a tough, elastic membrane which covers the brain. If a transducer is pressed against the dural membrane when it is slack, it can measure the forces exerted by the underlying matter. The surface pressure upon the transducer may then be calculated if the area of the transducer is known. When the dura is under tension and the same transducer is applied against its surface, there will be an error in measurement because two force components are now present: the dura stretching force (or tensile force) and the pressure acting beneath the dura. The tensile force component can be obviated and one can still obtain accurate measurements if the following conditions are met. The transducer sensing surface must be flat and surrounded by a coplanar nonsensitive outer ring so that this sensing device, with its outer nonsensitive ring, comes into complete coplanar approximation with the outer surface of the dura. With coplanar approximation of the dura and the flat surface of the transducer, the instrument will measure the pressure beneath the dura, regardless of dural tension. This is possible because the elastic forces (stretching forces) of the membrane are dissipated at the periphery of the outer nonsensitive ring. A somewhat analogous situation may be found in the example of the finger just touching the stretched membrane of a drum. If the pressure inside the drum is increased, the finger readily will detect the pressure change; however, if the stretching of the drum membrane is increased, the sensing finger cannot detect tension changes.
Instrumentation
The basic design of the instrument includes a pressure-sensitive center of 0.1 cm in diameter, surrounded by a nonsensitive coplanar ring which ensures flattening of the membranes (dura-arachnoid) beyond the pressure-sensitive area (Fig. 1) . As the transducer is advanced and invaginates the membranes, its center detects the brain surface pressure while the stretching forces of FIG. 1. Cross-sectional diagram of the pressure transducer and its relationship to the surrounding cranial tissues. A Teflon press-fit ring, with threads in its inner surface, accommodates the apparatus and ensures its continuity with the surrounding bone. Note the central location of the active chip and the coplanar nonsensitive ring. The epidural, subdural, and subarachnoid spaces are purposely enlarged to demonstrate their relation to the monitoring device. the dura-arachnoid membrane are dissipated at the transducer's ring.
The center sensing element consists of two p-silicon pixie beams. Piezo-resistive semiconductors, such as p-silicon, meet most of the requirements needed for monitoring intracranial pressure, although they are sensitive to temperature and water vapor. 14 One of the two chips remains unstressed (R = 500 ohms). It is placed in an arm adjacent to the active element and is used as a dummy gauge for temperature compensation. With this method of compensation, the transducer temperature characteristic is such that, for every 1 ~ gradient, there is a 5 mm Hg drift, or approximately 3% of the full scale per degree centigrade. The active chip that receives stress from the dura-arachnoid is placed in the center of the sensing device and is imbedded in silicon rubber (silastic), which insulates the strain element from any local body fluid or water vapor. The elasticity of the silastic may be disregarded since it is 10,000 times less than the elasticity of the pixie beam. The two resistors (dummy and active) and their four Teflon-covered wire leads form two arms of the Wheatstone bridge. Outside the housing assembly, the bridge circuit is completed by one fixed wirewound resistor (700 ohms) and a wirewound potentiometer (1.5k). The output from the bridge is coupled to a pressure amplifier unit (Honeywell) and is viewed on an oscilloscope-oscillograph. The bridge is balanced so that, at the resistance encountered at 37~ for zero input pressure ( = gauge pressure), there is zero output from the bridge.
M e t h o d s and Materials

Calibration and Frequency Response of the Transducer
The transducer was calibrated by exposing its sensing surface to a column of saline; simultaneous measurements then were taken on both this transducer and a Statham strain gauge (P23db) for comparison. The transducer was calibrated at 25~ and at 35~ it was found to be linear to at least 90 mm Hg (Fig. 2) and in close agreement with the Statham calibration curves. Its sensitivity, however, was greater since the gain of the amplifier needed to produce I~ of deflection on the Statham pressure transducer effected 50 times greater deflection on our pressure transducer. The calculated frequency response of our system was approximately 26 KHZ. 1~ When tested against a Statham strain gauge, we found that the frequency response was well above 1 KHZ.
Animal Experiments
Preliminary studies were carried out in 16 mongrel dogs, ranging in weight from 10 to 15 kg. Each dog was anesthetized with sodium pentobarbital (30 mg/kg), given intravenously; the trachea was then intubated with a cuffed-endotracheal tube, and respiration was controlled with a volume pre-set respirator (Harvard Pump). Intermittent doses of gallamine (2.5 mg/kg body weight) were administered to maintain muscle paralysis. The femoral vessels were cannulated with polyethylene catheters which were advanced into the thoracic aorta and inferior vena cava for monitoring of pressures and withdrawal of blood samples. The animal was placed on its side, the neck muscles exposed, and the cisterna magna entered with a No. 18 gauge spinal needle which was connected via a short plastic catheter to a Statham strain gauge (P23BB). This provided continuous measurement of the CSF presFro. 2. Calibration graph showing response of the intracranial pressure transducer to pressure changes. The gain of the amplifier was adjusted so that the sensing device maintained full-scale deflection for a pressure of approximately 150 mm Hg (1 cm of deflection equals 10 mm Hg). sure (the left atrium was the zero reference). The animal's body temperature was monitored with an esophageal probe. Arterial blood gas tensions and pH were measured with direct reading electrodes,* maintained at 37~ and calibrated before each determination. Appropriate corrections were made for temperature changes.
A burr hole, 1.2 cm in diameter, was drilled 2 cm from the sagittal midline ridge and 2 cm, posteriorly, to the frontal parietal ridge. Care was taken to avoid perforating the dura, to ensure that no chips of bone were present around the edge of the opening, and to achieve strict hemostasis. The sterile brain pressure transducer was implanted, fitting the Teflon outer ring snugly into the trephine hole. The housing assembly containing the transducer was screwed into the ring so that, as the sensing surface came in contact with the dura, it exerted a slight pressure which invaginated the dura and came to rest on the outer surface of the brain. The initial contact pressure was chosen to be 5 to 7 mm Hg and produced no perceptible rise in CSF pressure. The skin flap was returned and sutured. Approximately 15 min were allowed to elapse before any readings were taken.
To test the reliability of the method, we studied the response to a hyposmotic infusion, using the minimal water load that would produce significant intracranial pressure changes. ~ Thus, in seven animals an infusion of distilled water (50 ml/kg) was administered intravenously at a rate of 9.89 ml /min via a Harvard infusion pump. During these experiments, the dogs received an additional dose of gallamine (mean dose 40 mg /kg), to eliminate any effect on intracranial pressures from convulsive seizures. The dogs were artificially ventilated and maintained in a slightly hypocarbic state.
The remaining nine animals were subjected to acute PaCO~ changes and were studied first during normocarbia, then during hypercarbia, and finally during hyperventilation. Normocarbia was ascertained by frequent PaCO2 determinations. Hypercarbia was produced by mechanically ventilating the animal with mixtures of 7.5% and 10% carbon dioxide in oxygen. Hyperventilation * Obtained from Instrumentation Laboratories, Boston, Massachusetts.
was then achieved and maintained throughout the third phase of the experiment by mechanically increasing ventilatory frequency and tidal volume of the dog. The length of each phase was determined by the time needed for the cerebrospinal fluid and the brain surface pressures to reach their plateaus. Equilibration took 20 min for normocarbia, 20 to 45 min for hypercarbia, and 45 to 60 min for hyperventilation.
Results
Effect of Distilled Water Infusion
Distilled water infusion effected a proportional and gradual rise in both cisternal CSF and brain surface pressures. Both pressures increased by approximately 50% at the end of 1 hour of observation. The pressure rise, however, seemed larger in the first 30 min of infusion (Fig. 3) . Mean arterial pressure also increased by 20 mm Hg above the control value. Diuresis and muscular twitches were frequently seen toward the termination 
Effect of Acute Changes in PaCO.,
The data obtained in the nine animals studied at different levels of carbon dioxide tensions are presented in Tables 1 and 2. When hypercarbia was produced, the mean aortic pressure remained within 10 mm Hg of the control value in all dogs, but the central venous pressure doubled in six animals. In all instances, CSF and brain surface pressures increased immediately when CO2 was administered (Fig. 4) . These pressures reached their peak elevation at 10 to 15 rain, but after 20 min both declined to a new plateau. This new level was still significantly above the control value in all animals (p > 0.001) ( Table 2) .
When the animals were hyperventilated, CSF pressure declined to below the control value within 5 min (p < 0.05). In contrast, brain surface pressure declined more gradually, and it was still above the control level after 45 min of hyperventilation (Table 2) . Both hypercarbia and hypocarbia were associated with progressive changes in waveform patterns of cerebrospinal and brain surface pressures (Figs. 5 and 6 ).
Discussion
The term "intracranial pressure" is ambiguous and causes considerable confusion because it is commonly used to refer to both the subarachnoid CSF and brain pressures. Since several pressures can coexist within the cranium, we should speak of the specific intracranial pressures: the CSF pressure, the subarachnoid venous pressure, and the brain surface (subpial) pressure. The concept of multiple intracranial pressures with pressure ated with physical disturbance which may significantly affect the pressure being measured. To measure subarachnoid pressure, the dura-arachnoid must be penetrated caushag possible changes in the pressure relationship of the intracranial content. As the pressure gauge is wedged between the duraarachnoid and brain, the sensing element is subjected to a "hill and valley" effect from the brain and skull contact surface and a pressure strain (loading and/or kinking of the transducer). These factors, which could deform the sensing element in an unpredictable way, may be responsible for high-pressure readings with subarachnoid monitoring?
In epidural monitoring, the requirement for contact with the dura over the entire surface of the outer ring introduces a source of error which can reduce the accuracy of this method. Either blood pooling on the dural surface or different angles of transducer penetration or firm attachment of the dura mater to the skull will each prevent absolute dura contact, resulting in erroneous readings. High-pressure readings also may be recorded if the instrument is advanced too far.
The major criticism against epidural monitoring, however, is that the dura, being a tough elastic membrane, resists distention and thereby resists transmission of pressure beyond it. Weinstein and coworkers 29 demonstrated that the pressure in a supratentorial epidural balloon could be raised to very high values with only minimal communication of pressure to the intradural space. In this case, the tensile forces generated by the elastic dura would oppose the forces generated in the balloon. However, when the dura is flattened in coplanar approximation to the sensing diaphragm and its outer ring, the dural tensile forces are dissipated at the periphery of the outer ring, while the inner sensing diaphragm records brain surface pressure. This is made possible since tensile forces of membranes are perpendicular to the line of action of brain surface forces, and therefore yield zero component in the direction of the inner sensing surface of the transducer. 27 Currently, we have tested the validity of this principle on fresh sections of dog dura mater stretched on a Teflon collar. The dura, at different tensions, was subjected to various hydrostatic pressure heads in a special calibration apparatus. Subdural and epidural pressures were simultaneously monitored with precalibrated transducers. The resuits of these experiments showed that the coplanar transducer was indifferent to the dura mater, regardless of tension, and read true subdural pressure with an error factor of only 5% .~o
In spite of these data, two basic questions remain: "What is the source of the pressure being measured?" and "To what extent did intracranial CSF and cerebrovascular pressures contribute to our pressure measurements?" As the transducer is pressed against the brain surface, the subarachnoid space at this site of contact is obliterated; intracranial CSF, however, still contributes to our pressure measurement, since we are dealing with a closed cavity. The relationship between cerebral perfusion and intracranial pressures has already been well established? 8,19 Thus, with the present method, we measured the pressure at the surface (periphery) of the brain as it was modified by the cerebral vascular pressures and volume at any given moment and to a lesser extent by the cerebrospinal fluid dynamics.
The distilled water experiments were undertaken to test our method in vivo. In anesthetized animals hypotonic infusions produce a rise in CSF pressure and brain swelling that is related to total water load and speed of injection. As expected, both CSF and brain surface pressures rose linearly, suggesting an increase in brain and CSF volumes. The magnitude of CSF pressure rise in the 60-min period of observation is comparable to that obtained by other investigators, taking into account total water load and rate of injection? Since we have also shown that this transducer correlates well with commercially available equipment in a static model, we have demonstrated the method is reproducible both in vitro and in vivo.
By simultaneously monitoring cisternal CSF and brain surface pressure, we have also shown that at a steady state of normocarbia, brain surface pressure was higher than cisternal CSF pressure. Furthermore, during acute changes in PaCO2, cisternal CSF pressure did not accurately reflect brain pressure changes. With acute hypercarbia, CSF and brain surface pressures both increased quickly, reflecting the rapid expansion in cerebral vascular volume due to the vasodilating effect of CO2. 9 After 20 min, however, both pressures declined to a new plateau, albeit significantly above their controls (p < 0.001 ). This suggests that the initial increase in intracranial volume was compensated for by cerebrospinal fluid displacement, presumably into the sagittal sinus and spinal subarachnoid space. 2 With hyperventilation, CSF pressure rapidly declined to or even below the control value, which suggests normalization of cerebral vascular tone 2~ and a relative increase in intracranial space. In contrast, brain surface pressure did not return to the control level even after 45 min of hyperventilation. This finding raises the question of whether the pressure recorded is an artifact or whether it reflects a persistent increase in brain bulk. The first possibility could occur if we assume that the brain is more plastic than elastic. 29 With expansion in brain bulk, the fixed transducer, pressed against the brain surface, could cause a local tissue distortion that persisted throughout the hyperventilation phase. This, in turn, could account for the persistent elevation in brain surface pressure. This possibility, however, seems remote on the basis of the following evidence: 1) with accurate control of the device's depth of penetration, we have calculated that in assessing brain surface pressure the deflection imposed by the transducer on the brain is only 0.02 in.; 2) the degree of plasticity with our method seems to be time-dependent, since the same brain pressure curve could be obtained time and again in the same animal, after 2-to 3-min intervals. 2~ These data suggest that local tissue displacement leading to artifactual pressure is unlikely.
The second possibility of an actual increase in brain surface pressure has been corroborated by other investigators. Their studies suggest that acute hypercarbia may produce brain swelling, through an augmented hydrostatic capillary pressure, 13 abnormal capillary permeability from direct CO2 action2 ,6,8 and perhaps from temporary changes in brain tissue hydrogen ions. 25 The finding that brain surface pressure was consistently higher than the cisternal CSF pressure deserves further consideration. Transducer placement does not cause changes in CSF pressure when both are continuously monitored. The mechanism for this pressure gradient cannot be explained from this study, but a number of possibilities must be considered. The in vitro experiment eliminated the possibility that the transducer measured dural elastic forces. A second possibility is that the transducer is creating a local pressure phenomenon, as it depresses brain surface. This could occur if the device imposed upon the brain a deflection large enough to result in volumetric changes. This also can be excluded, because as previously mentioned, in our case the deflection is very small, and therefore volumetric changes should be negligible. The third possibility is that, since the cranial cavity remains essentially closed, one transducer is recording the pressure in the subarachnoid space; and the other one is recording the pressure at the surface of the brain, which reflects the combined forces exerted by intracranial vascular pressures, CSF, and brain in the subpial space. In this case we must assume that we are measuring the pressure of two structurally different systems. One, the CSF, is liquid, and the other, the brain, is semi-liquid. Both are enveloped by membranes and subjected to different hydrodynamic forces. The CSF pressure, under normal conditions, is determined by the critical opening pressure of the arachnoid granulations which function as one-way valves. As the subarachnoid CSF pressure reaches 5.5 mm Hg, this fluid is reabsorbed into the sagittal sinus2 ~ If the CSF pressure increases, the rise is immediately met by its reabsorption which has been found to increase linearly for observed pressure ranges of 6 to 20 mm Hg. r This is facilitated by the normally existing pressure gradient of approximately 12 mm Hg between subarachnoid venous and sagittal sinus pressure. 24 It is possible that the combined action of these mechanisms, which is responsible for the flow of intracranial fluid along pressure gradients, is also responsible for the CSF compartment functioning as a low-pressure system with respect to the brain. The brain, in contrast, is a iell-like structure. Outside the cranial cavity it tends to deform and its pressure is negligible. Inside the cranium, however, it is subject to both hydrostatic and pulsatile forces of the cerebral circulation, and it is enveloped by elastic membranes (pia-araehnoid). When the pia is incised, the brain tends to bulge out, which suggests that the brain is under pressure. The pressure of the cerebral circulatory forces (which range from 35 mm Hg at the arteriolar end to 18 mm Hg at the venous end), 23 the physical properties of the membrane (pia) tensile force, 3 all may contribute to a brain pressure which would be higher than cisternal CSF pressure. The hypothesis can be validated by quantitating the magnitude of the vascular pressures transmitted to the brain tissue.
Summary
A method of monitoring brain surface pressure through the intact dura has been described and the possible sources of error in these measurements discussed. Brain surface and cisternal CSF pressures were simultaneously monitored in anesthetized dogs during a steady state and then when an increase in brain bulk was produced experimentally.
At a steady state of normocarbia, a consistent pressure gradient was found between cisternal CSF and brain surface pressures. We have hypothesized that this pressure difference is primarily related to the physical characteristics of the two systems, of the enveloping membranes, and the different hydrodynamic forces acting on the subarachnoid (CSF) and subpial (brain) compartments.
With acute hypercarbia, brain surface and cisternal CSF pressures quickly increased. However, when the animals were hyperventilated, brain surface pressure did not return to its control value even after 45 rain; whereas, CSF pressure rapidly declined in the first 5 min. The possible mechanisms involved are discussed. The discrepancy between cisternal CSF and brain surface pressures during hyperventilation demonstrate that CSF pressure does not accurately reflect brain surface pressure changes.
